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Tobacco (Nicotiana tabacum L.) is an important cash crop around the world. In China, flue-cured tobacco leaf production was up to 2.3 million tons in 2015. Flue-cured tobacco is the most widely planted in Yunnan province, with yearly 1.05 million acres and more than 0.89 million tons which accounted for 39% of total yields in the country (http://www.eastobacco.com/zxbk/tpxw/201604/t20160422_401153. html). However, tobacco production is quite challenging due to infection by plant-parasitic nematodes. Root-knot nematodes (RKNs) have been recognised as the most economically damaging parasites associated with the tobacco (Shew & Lucas 1991; Díaz-Silveira & Herrera 1998) . They commonly cause several symptoms such as root galls, leaf chlorosis and yellowing, plant wilting, and eventually dying which in general generate a yield loss of 20-50% (Qin et al. 1991) .
RKNs belong to the genus Meloidogyne Göldi 1887. More than 100 species in this genus have been described so far (Hunt & Handoo 2009; Moens et al. 2009 ). Traditionally, Meloidogyne species were identified based on morphological characters, isozyme patterns, and host plant response to infection (Esser et al. 1976; Eisenback 1985; Esbenshade & Triantaphyllou 1985) . Unfortunately, species discrimination of Meloidogyne has always been challenging due to highly conserved morphology across species (Blok & Powers 2009 ). Recently, molecular tools have been employed to distinguish nematode species (Powers & Harris 1993; Powers 2004; Adam et al. 2007; Blok & Powers 2009 (Zijlstra et al. 2000; Adam et al. 2005; Powers et al. 2005; Berry et al. 2008; Blok & Powers 2009; Ye et al. 2015; Zeng et al. 2015) . Five species of RKNs, i.e. M. arenaria, M. javanica, M. incognita, M. enterolobii, and M. inornata were detected from tobacco in southern Brazil (de Araújo Filho et al. 2016) . Four species of RKNs including M. arenaria, M. javanica, M. incognita, and M. hapla were considered as pathogens of the tobacco in Yunnan, China (Chen et al. 1997) . However, there is controversy about the dominant species of tobacco RKNs in Yunnan (Chen et al. 1997; Wang et al. 1998) . Little has been known about the RKN species composition and distribution from flue-cured tobacco in Yunnan Province, China in the last 20 years.
The objective of the present study was to identify species of RKNs collected from the main flue-cured tobacco variety from Yunnan by using sequences of D2-D3 expansion domains of the 28S rDNA and SCAR markers in order to adopt measures to control nematodes.
MATerIAl AnD MeThoDs
Nematode populations. Twenty-one populations of RKNs were obtained from diseased tobacco roots from 21 locations in Yunnan Province (Table 1) .
DNA extraction. Five RKN females were handpicked into 50 µl of worm lysis buffer (WLB) containing Proteinase K for DNA extraction (Williams et al. 1992) . DNA samples were stored at -20°C until used as a PCR template.
DNA amplification and sequencing. The primers used for PCR and DNA sequencing are presented in Table 2 . The primers Mi-F/Mi-R are species-specific for M. incognita, Fjav/Rjav for M. javanica, and Far/Rar for M. arenaria. Primers RK28SF/MR were used for PCR amplification and DNA sequencing for 28S rDNA D2-D3. The 25-μl PCR was performed using TaqMix DNA polymerase (Guangzhou Dongsheng Biotech Ltd., Guangzhou, China) according to the manufacturer's protocol. The thermal cycler programs for PCR were as follows: denaturation at 95°C for 5 min (Tamura et al. 2011) . Writing of likelihood scores and estimating of parameters including base frequencies, the proportion of invariable sites, and the gamma distribution shape were conducted by using PAUP v4.0b10 (Sinauer Associates, Inc. Publishers, Sunderland, USA) and used in phylogenetic analyses. DNA sequence data was evaluated using MODELTEST v3.7 (Posada & Buckley 2004) . Bayesian analysis was performed to confirm the tree topology using MrBayes v3.1.0 (Huelsenbeck & Ronquist 2001) , running the chain for 4 000 000 generations and setting the 'burnin' at 1000. Markov Chain Monte Carlo methods were used within a Bayesian framework to estimate the posterior probabilities of the phylogenetic trees (Larget & Simon 1999 ) using the 50% majority rule.
resulTs

Species of RKNs.
Three RKN species from 21 RKN populations from diseased tobacco roots were identified based on molecular characterisation, including Meloidogyne arenaria from 13, M. javanica from six, and M. incognita from two populations. Meloidogyne arenaria is the predominant species with a detection rate of 61.9% (Table 3) .
Distribution of RKNs. The distribution of three RKNs is presented in Figure 1 . It shows that the tobacco RKNs were mainly distributed in central, western, and southwestern Yunnan, especially in the western areas. Meloidogyne arenaria and M. javanica mainly occurred in Lincang (southwestern Yunnan) and Yuxi (central Yunnan) with prevalence of 61.9 and 28.5%, respectively, and M. incognita only in Zhaotong (northeastern Yunnan) with 9.5%.
Molecular phylogenetic relationships of RKNs. A phylogenetic tree based on sequences of D2-D3 expansion domains of the 28S rRNA gene is presented in Figure 2 . The dendrogram inferred from LSU D2-D3 using Pratylenchus parazeae and helicotylenchus leiocephalus species as outgroup taxa suggested that: (i) all the selected 42 Meloidogyne populations are in a monophyletic clade in relation to P. parazeae SCAR marker analysis. A single specific band of 420, 720, and 999 bp in size was produced through PCR by M. arenaria-specific primers Far/Rar from 13 populations, M. javanica-specific primers Fjav/Rjav from six, and M. incognita-specific primers Mi-F/Mi-R from two populations, respectively. The same result was observed in corresponding positive controls. However, no band was produced in any negative control (water) (Figures 3 and 4) . In addition, PCR amplification was negative by other species-specific primers (gel photo not shown). Chen et al. (1997) showed that M. arenaria was the dominant species of tobacco RKNs in Yunnan, China. However, Wang et al. (1998) reported that M. javanica was dominant in Yunnan. Hu et al. (1998) showed that all 40 tested tobacco varieties including main variety K326 were resistant to M. hapla, 27.5% (11 varieties) of them were highly resistant to M. incognita, while 97.5% (39 varieties) of them were susceptible to M. arenaria. These supported M. arenaria being a dominant species in the Yunnan tobacco area. The present result was also supported by Chen et al. (1997) . Meloidogyne arenaria was mainly distributed in central, eastern and southeastern Yunnan (Chen et al. 1997) , but it was detected mainly in the central and southwestern tobacco areas in the present study.
DIsCussIon
Meloidogyne javanica was considered as the dominant species of tobacco RKNs in central Yunnan including Yuxi (Qin et al. 1991) . In this study, M. javanica was detected mainly in southwestern tobacco areas in Linchang although it occurred in Yuxi and eastern part in Qujing. Similar results were presented by Chen et al. (1997) . Meloidogyne incognita was considered as the dominant species in western and southwestern Yunnan tobacco regions (Chen et al. 1997) . From this study, it was also found in the northeastern region (Zhaotong). In addition to these three species, M. hapla was considered as a pathogen of tobacco and distributed in the northeastern tobacco area in Zhaotong in Yunnan Province (Qin et al. 1991) . But this species was not observed in this study. This could be related to limited samples. Thus, extensive sampling is needed in the future. DNA sequencing has provided useful data for nematode species identification and phylogenetic analysis (Zijlstra et al. 1997 (Zijlstra et al. , 2000 Hugall et al. 1999; Powers 2004) . DNA markers have played an important role in related aspects. However, sequences of some genes such as SSU 18S, LSU 28S, and ITS of RKN species are highly conserved, and it is difficult to distinguish RKNs to the species level based on these sequences, especially for three common tropical species including M. incognita, M. javanica, and M. arenaria (De Ley et al. 1999; Blok & Powers 2009; Kiewnick et al. 2014; Janssen et al. 2016) . Similar results were presented in this study where sequencing the LSU D2-D3 region of the populations we isolated can distinguish these three species from other species of Meloidogyne, but could not discriminate among M. arenaria, M. javanica, or M. incognita. This implies that these three tropical species are derived from a recent event or might be a species complex. SCAR marker has been indicated as a valued molecular characteristic in nematode species identification (Zijlstra et al. 2000) . In the present study, three species of Meloidogyne, i.e. M. incognita, M. javanica, and M. arenaria, among 21 tobacco populations were successfully identified by SCAR analysis. Therefore, the combined analysis of DNA sequencing and SCAR can be employed in accurate species identification in RKNs. r e f e r e n c e s
